INTRODUCTION
Paracetamol, chemically named as N-(4-hydroxyphenyl)acetamide, is a widely used safe non-opioid analgesic for pain management and antipyresis as an alternative to aspirin, NSAIDs and selective COX-2 inhibitors 1, 2 . It is considered as one of the most famous over the counter drug used for pain relief in symptomatic treatment of slight and moderate pain. Moreover, it is the drug of choice for patients in whom application of non-steroidal anti-inflammatory drugs (NSAIDs) are contraindicated 3 .
ABSTRACT
While being a safe over the counter drug, paracetamol has also proved to be a cytotoxic agent for cultured hepatocellular carcinoma cells (HepG2). In order to understand the biochemical mechanisms underlying its cytotoxic ability, molecular docking of paracetamol with cyclin dependent kinase 2 protein (CDK2) and breast cancer type 2 susceptibility protein (BRCA2) plus cyclooxygenase 1 (COX1) enzyme protein was undergone. Computational simulation was performed using Schrödinger software to describe the details of binding between atoms of the active sites and paracetamol. All COX1, CDK2 and BRCA2 proteins showed binding scores with paracetamol. Their G-scores were -5.32, -5.61 and -6.08 respectively leading to selective inhibition of these proteins and loss of their cell cycle related activity. The binding strength of COX1 and CDK2 with paracetamol was mainly dependent on the hydrophobic residues, while that of BRCA2 was contributed to charged residues. Binding is responsible for the subsequent loss of activity of these cell cycle related proteins and eventual cancer cell death via apoptosis.
While being one of the oldest and most common OTC analgesics, the exact mechanism of action of paracetamol at the molecular level has not yet been elucidated 4 . It was found that the highly selective analgesic and antipyretic effects of paracetamol are due to its inhibitory effect on prostaglandin (PGs) synthesis via prostaglandin H synthase (COX) inhibition. PGs are lipid mediators derived from arachidonic acid that play central roles in the pathogenesis of inflammation, fever, pain and even cancer. PGs are generated by the oxygenation of arachidonic acid to the unstable intermediate prostaglandin H2 (PGH2) by prostaglandin H synthase (PGHS) of which there are two major isoforms; the constitutive PGSH-1 (COX 1) and the inducible PGSH-2 (COX 2).
In addition to its ability to treat pain and fever, paracetamol was found to induce apoptosis and necrosis in various types of cultured liver carcinoma cells specially HepG2 cell line 5 . Although considered safe at therapeutic doses, at higher doses, paracetamol produces hepatotoxic effect. The key event of paracetamol cytotoxicity is its biotransformation into the reactive metabolite N-acetyl-parabenzoquinonimine (NAPQI) by the P450 family 6-9 which can induce apoptosis or necrosis on different cell models 10, 11 . In vivo, the balance among bioactivation, detoxification and defense/ repair mechanisms determines whether a compound will elicit a toxic effect or not. However, lack of correlation between in vivo hepatotoxicity and in vitro cytotoxicity may be a result of alteration in metabolic oxidation in vitro. Hepatoma cell lines constitute a simple, readily accessible and almost unlimited source of cells from a human liver. However, a major limitation is their reduced drug-metabolizing capability 12 . HepG2 cells, the most widely used for hepatotoxicity studies, showed substantially lower levels of most P450 enzymes than primary hepatocytes, which can contribute to the differences in cytotoxicity found in both cellular models 12, 13 . Based on the two facts that paracetamol/NAPQI transfer ratio in HepG2 cells is still unveiled and the fact that drug-induced cytotoxicity can also be induced by parent drug molecule and/or its metabolite 14 , two-part study will deal first with the interaction of paracetamol with some intracellular cell-cycle related proteins as part one (the current study). This in turn will elucidate the biochemical mechanisms underlying the established cytotoxic action of paracetamol on HepG2 cells.
Close interplay of the different disciplines is therefore of utmost importance to tackle the problem of metabolism prediction. Events that produce hepato-cellular death following the formation of paracetamol-protein adducts are poorly understood. Understanding metabolic processes at the molecular level is of fundamental importance for successful drug discovery and development. Knowing the metabolic properties of a molecule can help to optimize the stability and consequently the in vivo halflife and risk-benefit ratio of a drug 15 .
Among such proteins which are strongly related to cell cycle, CDK2 and BRCA2
were selected due to their important role in cell cycle progression and DNA repair as attractive targets for the design of anti-proliferative drugs. The current study explored whether CDK2 and BRCA2 proteins have docking sites for paracetamol which can lead to inhibition of their functions and perturbation of cancer cell cycle. The loss of their activity or function may lead to cancer cell death via apoptosis.
Computational docking has become one of the most valuable tools to understand the behavior of the binding process between intracellular proteins and a certain ligand molecule. In laboratories, it's not possible to achieve that goal via microscopic examination which can only reach final results without revealing details. Computational simulation and its applications became indispensible as they are the only tool to describe the details of the binding affinity between atoms of the active sites of target proteins and their ligands. Free-energy simulation techniques have been developed for quantitative modeling of protein-ligand interactions and the prediction of binding affinity 16, 17 . Molecular docking could offer more insight into understanding the protein-inhibitor interactions and structural features of protein's active site. Glide [18] [19] [20] developed by Schrödinger, is one of the most popular docking methods. It includes preparation, docking and scoring the binding. Extra precision (XP) Glide was applied in docking to enhance sampling methods and scoring functions 2 .
Depending on the results of previous studies which have already proved the cytotoxic ability of paracetamol on human liver carcinoma cells 22 , the current study explores the possible molecular docking of paracetamol with some certain intracellular proteins. Computational docking software and algorithms were used as an in-silico experimental environment. Schrodinger's software suite 23, 24 , including different utilities, was used to study and analyze the potential binding of paracetamol with COX1, CDK2 and BRCA2 proteins in order to recognize the mechanism underlying drug's cytotoxic effect. Deeper analysis of the resulting binding details and outcomes might be promising for future discovery of untraditional liver carcinoma treatment.
METHODOLOGY Materials
In the current study, COX1, CDK2 and BRCA 2 were selected to undergo a dock trial with paracetamol to elucidate whether paracetamol has an inhibitory effect on them that stands for its cytotoxic action on HepG2 cells. Both CDK2 and BRCA2 were selected for this purpose due to their crucial role in cell cycle progression. In addition, COX1 was also selected for being the enzyme protein linked with paracetamol's mechanism of action.
Molecular Structures:
A. Structures of the ligand Paracetamol (PDB ID: TYL), ( Figure 1A ), in addition to the three studied cellular proteins, were retrieved from the Protein Data Bank (PDB) 25 . B. Cyclooxygenase enzyme 1 (COX-1), the structure of prostaglandin H2 synthase-1 was obtained complexed with P-(2'-IODO-5'-THENOYL) hydrotropic acid (IODOSUPROFEN), (PDB ID: 1PGE) 26 . The structure is shown in Figure ( 1B).
C. Cyclin-Dependant Kinase 2 (CDK2), the structure of CDK2 was obtained complexed with a disubstituted 4, 6-bis anilino pyrimidine CDK4 inhibitor, (PDB ID: 1H00) 27 . The structure is shown in Figure ( 
Methodology
In the computational experiments, the methodology contains three main phases, which are preparation, binding site grid determination, and docking.
The overall flow of the docking process is shown in Figure 2 . It describes the whole process and flow of steps to get the docking results as binding energy estimates.
Firstly, the preparation phase includes loading the file of the required molecule (either protein or ligand), then opening the corresponding preparation utility in Schrödinger Suite 23, 24 , setting the required parameters and running the preparation.
Secondly, the active site of each protein is determined by running the Grid Generation module in Schrödinger Suite. Different methods were followed for each protein according to the available structure which will be explained later.
Finally, after grid generation, docking was performed with Schrödinger Glide [18] [19] [20] . For each protein, the ligand was docked into the prepared structure active site determined by the generated receptor grid.
Figure 2. Docking process workflow

Preparing Molecules
The ligand, paracetamol, was loaded into Maestro 10.1 23, 24 , Figure 3A , and prepared by the LigPrep utility 29 . Force field used was OPLS_2005, and states were generated at target pH 7.0. The prepared structure was saved to be used in docking experiments ( Figure 3B) . Schrödinger Suite. First, the structure of COX-1 protein complexed with hydrotropic acid (1PGE) was loaded into Maestro ( Figure 4A ). After preparation, the co-crystalized ligand [P-(2'-IODO-5'-THENOYL) hydrotropic acid] was exported as a single entry and saved in a separate file. This exported ligand was then docked back to the active site in the same way as it will be described later in the docking section. Glide uses full OPLS-AA force field at an intermediate docking stage and is claimed to be more sensitive to geometrical details compared to other docking algorithms. In the next step, water molecules were removed and H atoms were added to the structure, most likely positions of hydroxyl and thiol hydrogen atoms. Protonated states and tautomers of His residue and Chi 'flip' assignment for each Asn, Gln and His residue were selected by protein assignment script provided by Schrödinger. Minimization was performed until the average root mean square deviation of the nonhydrogen atoms reached 0.3 Å [18] [19] [20] [21] .
The 1PGE structure was noticed to have two chains, A and B. Chain B and the corresponding molecules were typical as chain A. It was also observed that the bound ligands resided away from the area between the two chains. This means that the binding site is away from this area, so, the decision was taken to remove chain B for simplification, and only chain A was considered for other preparation steps for docking ( Figure 4B ).
Figure 4. (A) COX1 (1PGE) before preparation (B) COX1 (1PGE) after preparation
In order to prepare the CDK2 protein, the structure of CDK2 protein complexed with a disubstituted 4, 6-bis anilino pyrimidine CDK4 inhibitor (1H00) was loaded. Since, this protein structure contained only one chain, no chain deletion was performed.
Regarding the BRCA2 protein, the structure of BRCA2-DSS1 protein complex (1IYJ) was loaded ( Figure 5A ). This protein structure contains four chains, A, B, C, and D. Chains A and B are typical as chains C and D. Thus, the decision was made to delete chains C and D ( Figure 5B ). Additionally, as no bound ligands exist, the protein was prepared to allow for the visual determination of the binding site later.
Figure 5. (A) BRCA2 (1IYJ) before preparation (B) BRCA2 (1IYJ) after preparation
After refining the structures and removing unnecessary chains or molecules, parameters were set and remaining steps were performed for each protein. pH was set to 7.0, protein structure was optimized, H-bond Assignment was applied, water removed, and Restrained Minimization was performed using OPLS_2005 force field.
Grid Determination
Receptor grid was generated for specifying the active site of the COX-1 protein.
This was done using the prepared 1PGE complex structure which contains a ligand residing in the active site of the COX-1 protein. This complex structure was used to determine the active site of the protein to be used in the docking phase. The ligand was picked and the grid was determined around the picked ligand ( Figure 6A ).
For CDK2 protein, the receptor grid was generated for specifying the active site by using the prepared 1H00 complex structure, which contains a ligand residing in the active site of the CDK2 protein. The ligand was picked, and the grid was determined around the picked ligand, to be used in the docking phase ( Figure 6B ).
Finally, for the BRCA2 protein, the receptor grid for the active site was selected by visual inspection of the 1IYJ structure, as there was no bound ligand in the available structure. The potentially active areas of the protein were tested by setting the receptor grid manually for different times, then running the docking phase for each, and checking the results (selected grid in Figure 6C ).
Figure 6. Binding grid for the 3 tested proteins
Docking
The prepared proteins and the ligand obtained from Maestro 10.1, Schrödinger software was used for docking studies. The active site of the selected protein was defined to include residues within 3.5 Å radius to the complexed ligand. For docking, the authors have used Maestro scoring function with grid resolution of 0.4 Å and a flexible mode of ligand docking. The docking score was calculated as the best ligand-pose energy (kcal/mole) and the score was assessed for correlation between paracetemol and COX1 CDK2 and BCRA1 binding affinity and selectivity. Docking was done using Glide by loading the prepared Paracetamol file and the receptor grid file for each protein separately. For COX-1, the generated grid was loaded into glide, with paracetamol ligand. Then, the glide docking was run in the XP mode, which represents extra precession docking and more output analysis options. The XP terms and the description of their visualizations is given in Table (1) . In the visualizations, hydrogen atoms are not generally displayed, and the ligand carbon atoms are colored green.
The energy g score (17) is governed by the equations:
The XP Glide scoring function is presented in equation 1. The principal terms that favor binding are presented in equation 2, while those that hinder binding are presented in equation 3.
XP Glide Score= E coul + E vdW + E bind + E penalty-------Eq-1 E bind = E hyd_enclosure + E hb_nn_motif + E hb_cc_motif + E pt + E hb_pair + E phobic_pair-Eq-2
Where; G Score: Total Glide Score; sum of XP terms Lipophilic EvdW: Lipophilic term derived from hydrophobic grid potential at the hydrophobic ligand atoms.
Phob En: Hydrophobic enclosure reward.
PhobEnHB: Reward for hydrophobically packed H-bond.
PhobEn Pair HB: Reward for hydrophobically packed correlated H-bonds.
H bond:
Chem Score H-bond pair term.
Coul: Electrostatic rewards; includes Coulomb and metal terms.
Site Map: Site Map ligand-receptor non-H bonding polar-hydrophobic terms
Penaltiy: Polar atom burial and desolvation penalties, and penalty for intraligand contacts.
HB Penal: Penalty for ligands with large hydrophobic contacts and low H-bond scores.
RESULTS
Docking Analysis
The ligand paracetamol and the crystal structure of protein complex as a template were adopted to perform the validation steps. After following the steps in the methodology section, and getting the outputs of the docking phase of this experiment, the obtained results were analyzed visually and in terms of energy values. Visual analysis helps in understanding the number of bonds, bond types, and their position. Analysis of energy values describes the strength of different energies that bind the ligand to the target protein. For visual analysis, the total glide scores of COX-1, CDK2 and BCRA2 were -5.32, -5.61 and -6.08; respectively as shown in Table ( 1). The total glide scores are the sum of XP terms (G Score) due to the interactions between amino acid residues of proteins with paracetamol.
The resulting redocking pose and the bonds of the co-crystalized ligand (P-(2'-IODO-5'-THENOYL) hydrotropic acid) with COX-1 are the same as those used for docking paracetamol ligand as shown in (Figure 7 A, B) . The glide score (G score) of the co-crystalized ligand with COX-1 was -12.644. The acetyl oxygen (ketonic form) of paracetamol moiety showed H bond interaction (distance=2.03 Å) with the hydroxyl hydrogen of SER-COX1 protein amino residue. The phenolic oxygen of paracetomol moiety showed H-bond interaction (distance=2.03 Å) with the indolic hydrogen of TRP -COX1 protein amino residue. Moreover, the carboxylic oxygen (ketonic form) of LUE amino acid of the COX1 moiety showed H bond interaction (distance=2.35 Å) with the phenolic hydrogen of paracetamol moiety (Figure 8 A, B) . The free energies of lipophilic term (LipophilicEvdW) score, ChemScore for H-bond pair term (HBond), electrostatic rewards and ligand/receptor non-Hydrogen bonding polar/hydrophobic and hydrophobic/hydrophilic complementarity terms (SiteMap) were found to be -2.73, -1.79, -0.53 and -0.29 respectively as seen in Table ( On the other hand, the detailed scores of the co-crystalized ligand [P-(2'-IODO-5'-THENOYL) hydrotropic acid] attached to COX-1 for the following bonds; lipophilic term (LipophilicEvdW) score, ChemScore for H-bond pair term (HBond), electrostatic rewards and ligand/receptor non-hydrogen bonding polar/hydrophobic and hydrophobic/hydrophilic complementarity terms (SiteMap) were found to be -5.8, -1.96, -0.72 and -0.32 respectively. The resulting docking pose of [P-(2'-IODO-5'-THENOYL) hydrotropic acid] was compared with the original co-crystalized ligand (1PGE protein) using super position features in Maestro as seen in Figure 7 (B). The corresponding atoms in both poses of the ligand before co-crystalization and after redocking were selected in order and the calculated RMS for atom pairs was around 0.32. The objective for evaluating the redocking of the co-crystalised ligand was to indicate that the computational approach and the selected methodology proposed for docking was robust and could be used in the original ligand (paracetamol). The above result of RMS value (0.32) gives a level of confidence in the main docking experiment with paracetamol.
The acetyl hydrogen (enolic form) of paracetamol moiety showed H bond interaction (distance=1.91 Å) with the carboxylic oxygen (ketonic form) of ASP -CDK2 protein amino residue. The phenolic hydrogen of paracetomol moiety showed H-bond interaction (distance=2.16 Å) with the carboxylic oxygen (ketonic form) of Lue -CKD2 protein amino residue (Figure 8 A, B) . The free energies of lipophilic term (LipophilicEvdW) score, ChemScore for H-bond pair term (HBond), electrostatic rewards and ligand/receptor non-Hydrogen bonding polar/hydrophobic and hydrophobic/hydrophilic complementarity terms (SiteMap) were found to be -2.72, -1.3, -0.36 and -0.24 respectively as seen in Table ( The amine hydrogens of paracetamol moiety showed H bond interaction (distance=1.61 and1.68 Å; respectively) with the carboxylic oxygen (enolic form) of GLU-BRCA2 protein amino residue. Another H-bond interaction with the same carboxylic oxygen (enolic form) of GLU-BRCA2 protein amino residue (distance=2.47 Å). The phenolic hydrogen of paracetomol moiety showed Hbond interaction (distance=1.87 Å) with the carboxylic oxygen (ketonic form) of LYS-BCRA2 protein amino residue. Finally, The phenolic oxygen of paracetamol moiety showed H bond interaction (distance=2.21 Å) with the guanidine hydrogen of ARG-BCRA2 protein amino residue (Figure 9 A, B).
The free energies showed different values in case of BCRA2 interactions where lipophilic term (LipophilicEvdW) score, ChemScore for H-bond pair term (HBond), electrostatic rewards and ligand/receptor non-hydrogen bonding polar/hydrophobic and penalty for solvent-exposed ligand groups that cancels vander Waals terms (Expos Penal) were found to be -0.43, -2.94, -3.03 and -0.24 respectively as seen in Table ( 1).
Figure 10. (A, B) Paracetamol Docked with BRCA2 (1IYJ)
The docking analysis for interactions of paracetamol and three studied proteins; COX1, CDK2 and BCRA2 are summarized in Table ( 2). 
DISCUSSION AND CONCLUSION
As one of the common OTC analgesics, paracetamol structurally constitute an acidic moiety (anilide moiety of carboxylic acid or enols) attached to a planar, aromatic group 32 . The acidic group in paracetamol serves a major binding group (ionic binding) with plasma proteins. Paracetamol conjugates with proteins through amino acid linkers, where the partial charge on the donor atom binds to the hydrogen. The structure of paracetamol is N-acetyl-para-aminophenol where both acetyl and phenolic moieties segregated into two subunits opposite ends clumped together by a phenyl ring molecule in the middle.
The binding pattern of paracetamol with COX-1, CDK2 and BCRA2 proteins with their best docking pose upon comparative assessment is being carried out between the established and the novel leads 33 . Schrödinger software suit counted the overall binding free energy and was more efficient for analyzing the binding of equal number of van der Waals interactions formed by both proteins with the ligand molecule. The non-bonded electrostatic energy swung towards the electrostatic contribution rather than the hydrophobic one to stabilize the complexes as seen with the binding of BRCA2 with paracetamol. In general, electrostatic interactions in proteins arise due to the presence of anionic amino acids, like aspartic acid, and cationic amino acids, like lysine, arginine and glutamine. When such residues are present in close vicinity of the ligand molecule, they exert a coulombic force at a shorter distance. On examination of the interactions made by paracetamol with COX-1, CDK-2 and BCRA2, it was noticed that while the latter formed multiple electrostatic interactions, the first and the second failed to contact any positive or negative residues 34, 35 . Cyclin-dependent kinases (CDKs) play important roles in cell cycle progression and are attractive targets for the design of anti-proliferative drugs 36, 37 . Many protein kinases have proved to harbor high affinity docking sites that may provide a potentially novel interface for the design of kinase inhibitors. Developing specific agents for CDK2 will assist in analyzing the role of CDK2 in cell cycle control. Moreover, BRCA2 protein is the protein product of BRCA2 gene which is responsible for DNA repairing. A Previous study reported that liver expresses BRCA2 gene which plays some role in malignancies other than breast cancer although the level of expression in the liver is much lower than in the mammary gland 38 .
Depending on the results of previous studies 5, 18 that proved the cytotoxic effect of paracetamol on HepG2 cells, the active sites of COX1, CDK2, and BRCA2 proteins were examined to figure out if there was any binding affinity between paracetamol and each of them. Results confirmed that both CDK2 and BRCA2 had high affinity docking sites for paracetamol which presumed them as effective targets for inhibitor design.
The proposed mechanism of paracetamol cytotoxicity might be due to the binding of paracetamol with these cell cycle related proteins which result in subsequent loss of their activity or function and eventual cell death and lysis. This comes in line with the current study as paracetamol was the fair receptor for COX1, CDK2 and BRCA2. All of them were bound to paracetmol via hydrogen bonds recording negative glide score values confirming the stability of the formed adducts.
Conclusions
Computational docking showed that the binding strength of COX1 and CDK2 with paracetamol was mainly dependent on the hydrophobic residues while that of BRCA2 was contributed to charged residues. CDK2 and BRCA2 had high affinity docking sites for paracetamol which presumed them as effective targets for inhibitor design. The binding affinity between paracetamol and the studied cell cycle-related proteins was supposed to be responsible for the subsequent loss of their activity and eventual cancer cell cycle block and death via apoptosis. In addition to our findings, further investigations are recommended to prove that docking of paracetamol with cell cycle related proteins is a promising untraditional treatment strategy for liver carcinoma in the future. Docking of the metabolite NAPQI is also recommended as a complementary study has to be done since its formation is necessary for the incidence of cytotoxicity in vivo and to some extent in vitro due to the reduced levels of P450 enzymes in HepG2 cells.
